Abstract: Spontaneous breaking of conformal symmetry has been widely exploited in successful model building of both inflationary cosmology and particle physics phenomenology. Conformal Grand Unified Theory (CGUT) inflation provides the same scalar tilt and tensorto-scalar ratio as of Starobinsky and Higgs inflation. Moreover, it predicts a proton life time compatible with the current experimental bound. In this paper, we extend CGUT to account for the production of dark matter and the reheating of the Standard Model. To this end, we introduce a hidden sector directly coupled to the inflaton, whereas the reheating of the visible sector is realized through a portal coupling between the dark particles and the Higgs boson. The masses and interactions of the dark particles and the Higgs boson are determined by the form of the conformal potential and the non-vanishing VEV of the inflaton. We provide benchmark points in the parameter space of the model that give the observed dark matter relic density and reheating temperatures compatible with the Big Bang nucleosynthesis.
Introduction
Inflationary cosmology stands today as an elegant and compelling explanation why our observable universe is so large, flat and homogeneous on large scales [1] [2] [3] . Quantum fluctuations during inflation provide the seeds for structure formation, whereas the subsequent decay of the inflaton can trigger a hot thermal universe containing matter and radiation. According to the recent Planck data, single-field inflationary scenarios with a plateau-like (or Starobinskylike) potentials are strongly favoured [4, 5] . Two models have gained significant attention: Starobinsky's R + R 2 inflation [1] , which is based on the modification of gravity induced by one-loop corrections from matter quantum fields, [6] and Higgs inflation [7] , where the Standard Model (SM) Higgs boson is non-minimally coupled to gravity. 1 These two inflationary models occupy a central spot in the (n s , r) plane with the predictions
where n s is the scalar tilt, r is the tensor-to-scalar ratio and N is the number of e-foldings before the end of inflation. The observational bounds from the latest Planck data [5] reads n s = 0.9649 ± 0.0042 at 68% CL and r < 0.064 at 95% CL. The expressions (1.1) are related to the shape of the potential during inflation which nearly coincide in both of these models [8] .
The only way to distinguish between them is through the study of reheating [9] . In recent years, it has been realized that the Starobinsky-like inflation can also be induced through a spontaneous breaking of conformal symmetry [10, 11] . This guiding principle is motivated by the approximately scale invariant power spectrum of the primordial cosmic fluctuations that suggests a role of scale symmetry in the inflationary model building. Conformal models of inflation have been adopted to explore a variety of different aspects, ranging from inflationary perturbations, reheating, the electroweak symmetry breaking in the SM and connection with dark sectors, e.g. [12] [13] [14] [15] [16] [17] [18] [19] . Moreover, conformal inflationary models were embedded into UV complete approaches such as String Theory and Supergravity (SUGRA) [8, 16, [20] [21] [22] [23] .
In this paper we consider Conformal GUT (CGUT) inflation [24] , that has been recently developed as a conformal extension of SU(5) GUT inflation [25, 26] . Since the scale of inflation can be as high as 10 14 GeV [27] , it is quite appealing to consider the role of GUTs in the context of inflationary cosmology [27] [28] [29] [30] [31] . In CGUT inflation conformal symmetry is introduced with two additional SU(5) singlet fields, one of them playing the role of the inflaton. In this model, inflation occurs by spontaneous breaking of conformal and GUT symmetries. Conformal symmetry can be broken by gauge fixing the VEV of one of the singlet fields, whereas the inflaton field gets 1-loop Coleman-Weinberg (CW) corrections via GUT fields later on. One common aspect with GUT inflation is that the inflaton rolls down to a non-zero VEV [26] , which offers a rich phenomenology and plays a crucial role in the dynamical generation of mass scales at the end of inflation [32, 33] . However, there is an important difference with original GUTs models. In CGUT inflation the above VEV branch of the CW potential can be stretched to a Starobinsky-plateau leading to nearly the same predictions as (1.1).
Conformal and scale invariance are also widely adopted in particle physics and they lead to a viable explanation for the large hierarchy of energy scales as ranging from neutrino masses, the electroweak scale up to the Planck scale [34, 35] . SM extensions with conformal symmetry have been extensively pursued with the main purpose to explain the origin of the Higgs mass parameter and the corresponding electroweak symmetry breaking, as well as other open issues in the SM (e.g. dark matter, baryogenesis, neutrino masses) . In many cases, conformal extensions of the SM also accommodate a candidate for dark matter, which is an aspect that we also address in this work.
The inflationary paradigm encompasses two aspects through the inflaton field. First, the inflaton perturbations explains the observed nearly scale invariant density fluctuations in the CMB. Second, the inflaton may be responsible for particle production through its decays during the reheating stage at the end of inflation. This way the present matter and radiation content in the universe is originated from a single field. Since dark matter appears to be the dominant matter component already at the time of CMB, it is natural to think of a strong connection between the inflaton field and a dark sector. As noted, the great desert that lies between the scale of inflation (∼ 10 14 GeV) and the electroweak scale can be an artifact of some hidden sector we have not yet observed.
Motivated by a win-win interplay between particle physics and cosmology, we further develop CGUT inflation to account for a viable dark matter particle and the electroweak symmetry breaking. The first aspect is realized by letting the inflaton decay into a dark sector, made of fermions and scalar particles. We assume the dark fermion to be an inert and stable particle that accounts for the present-day relic density. The masses of the particles in the hidden sector are induced by the spontaneous breaking of conformal and GUT symmetry, which are at the origin of the inflaton VEV as well. The second aspect is addressed through a portal coupling between the Higgs boson and the dark scalar. When the latter reaches its non-vanishing VEV, it generates a mass scale for the Higgs boson that triggers the electroweak symmetry breaking. The dark scalar can decay into Higgs bosons pairs and induce the reheating of the SM sector. This latter aspect of our framework is similar to other recent implementations for a SM reheating from hidden sectors [67] [68] [69] . In our construction, conformal symmetry breaking is responsible for the generation of the relevant scales, from inflation down to the electroweak scale. We note by passing that a cosmological constant can be generated by conformal symmetry breaking as considered in refs. [70] [71] [72] .
The paper is organized as follows. In section 2 we introduce the different scalar potentials appearing in cosmology and particle physics and relevant to our framework. In section 3, the CGUT framework is briefly reviewed. We introduce the masses and couplings generation in the dark sector in section 4, together with a discussion about the constraints on the model parameters. The non-thermal production of dark matter and the reheating of the SM from the hidden sector is discussed in section 5, whereas conclusions are offered in section 6.
2 Fundamental potentials in cosmology and particle physics
In this section we discuss how the scalar field potentials, that frequently occur in our current understanding of inflationary cosmology and particle physics, can be related to conformal symmetry. Let us start with particle physics. The Higgs boson is the only fundamental scalar of the SM and it is responsible for the generation of the fermion and gauge bosons masses via spontaneous breaking of the gauge symmetry. This is implemented with the wellknown Brout-Englert-Higgs mechanism [73] [74] [75] , which assumes a negative mass term for the scalar field compatible with the gauge symmetry and induces a nontrivial minimum of the potential. The Higgs potential reads
where H is the Higgs field, µ 2 H > 0 is the Higgs mass term and λ H is the Higgs self-coupling. The condition for the minimum brings to a VEV v 2 H = µ 2 H /λ H and the physical Higgs mass is m 2 H = 2λ H v 2 H = 2µ 2 H . The negative quadratic term indeed destabilizes the potential at the origin. Such a solution for the electroweak symmetry breaking predicts that the Higgs quartic coupling, as inferred from the measurement of the Higgs boson mass measurement, also determines the strength of self-interactions of the Higgs boson. Checking this prediction is very important to confirm that the electroweak symmetry breaking is induced by the potential in (2.1). However, current measurement at the LHC leave still room for deviations induced by new physics and the details of the symmetry breaking can be perhaps probed at the LHC upgrades, muon and linear collider facilities [76] [77] [78] [79] [80] .
Alternatively, we may start with a scale invariant theory and set µ H = 0 in (2.1). The idea of an underlying conformal symmetry is attractive since it allows to abandon the arbitrary negative mass parameter for the Higgs field. However, we can still achieve spontaneous breaking of symmetries through radiative corrections and let the scalar field acquire a VEV. This is the well-known Coleman-Weinberg (CW) mechanism [81] , where radiative corrections to the Higgs quartic coupling destabilize the Higgs potential at the origin. Despite the very minimal conformal SM is not capable of explaining the observed particles masses [81] 2 , this framework can be successful when some field content that goes beyond the SM is included. The main point is that the Higgs mass term µ H is recovered by reinterpreting this scale in terms of a vacuum expectation value of a new scalar, coupled to the SM via a Higgs portal interaction. In this respect, several extensions of SM were considered, where µ H is generated through a portal coupling with particles of a hidden sector [36, 38, 41, 42, 49, 50, 57, [59] [60] [61] [62] [63] . Since the CW potential will appear in our framework as well, we give its parametric form for a generic scalar field φ and the radiatively generated VEV v CW as follows
On the early universe cosmology side, single-field inflationary scenarios with plateau-like (Starobinsky-like) potentials
are highly successful with respect to cosmological data [5, 8] , where φ here is the inflaton field and A S is a dimensionful quantity. The above potential has been realized in various frameworks. The Starobinsky model based on R + R 2 modification of gravity in the Einstein frame has exactly the same form as the potential (2.3) [1, 8] . The success of Starobinsky model with the CMB data can be heuristically understood as the R 2 term is scale invariant. Interestingly, the potential (2.3) can be also obtained with a two-field model with conformal symmetry, which can be spontaneously broken by gauge fixing one of the field to its VEV [10, 11] . Also Higgs inflation leads to the same shape of the potential (2.3) in the scale invariant regime, namely when the Higgs field is far away from electroweak vacuum so that the mass term can be neglected. However, after inflation the Higgs field acquires a non-zero VEV leading to mass scales of SM degrees of freedom [82] .
In this work we develop both successful inflation and post-inflationary particle physics in one single framework by invoking conformal symmetry as our guiding principle. We start with CGUT inflation as implemented in ref. [24] and we extend it in order to discuss post inflationary physics that involves both dark sector and the visible sector. In our framework all three potential forms in (2.1), (2.2) and (2.3) are realized as originated by symmetry breaking patterns.
Conformal GUT inflation
Inflationary cosmology is an effective field theory (EFT) for energy scales much below the Planck scale or the so-called regime of quantum gravity. Here, we consider an EFT dubbed as CGUT which describes the physics from GUT scales ∼ 10 16 GeV down to smaller scales.
The framework of CGUT inflation in SU(5) can be described by the following action [24] 
where (φ, χ) are real singlets of SU(5) conformally coupled to Σ which belongs to the adjoint representation of SU (5) . Here, the field φ is responsible for inflation when the conformal symmetry is broken by the field χ as we will explain shortly. The covariant derivative is defined by
, A µ are the 24 massless Yang-Mills fields with field strength given by
The tree level potential in (3.1), that accounts for the interactions between the inflaton and the other fields, can be split into two contributions as follows
where V (φ, SM, DS) includes interactions of the inflaton field with the dark sector (DS), and between the DS and the SM, which is negligible during inflation (see discussion in section 4). Its expression is given later in section 4 (cfr. eq. (4.1)), and it is (i) conformal invariant and (ii) responsible for the reheating process that will be discussed in section 5. The first term in (3.2), which is instead responsible for the inflationary dynamics, reads
where a ≈ b ≈ g 2 , g is the gauge coupling of the GUT group with g 2 0.3 as obtained from the fine structure constant α G = g 2 /(4π) 1/40 [83] . The SU(5) group contains another scalar which is the fundamental Higgs field H 5 , which comprises the colour-triplet Higgs and the SM Higgs doublet. In (3.3) we assume the coupling between the field φ and H 5 to be negligible in comparison with its coupling to the adjoint field Σ [24, 84] and also that the couplings between Σ and H 5 is very small and does not play a role in the inflationary dynamics [83] (we elaborate more on this point in section 3.1). As consistent with conformal symmetry, there is no mass scale in (3.3). The main feature of the potential is the appearance of fielddependent couplings that depend on the ratio of the fields (φ, χ) through f (φ/χ) [10, 11, 42] . Given the tree-level potential in (3.3), the action (3.1) is then conformally invariant under the following transformations
In principle any generic function f (φ/χ) is allowed with respect to conformal invariance. In the context of a successful inflation, the following choice was found to be useful [11, 24] 
In CGUT the first symmetry breaking pattern is performed by letting the field χ acquire a constant value χ = √ 6M , where M is the mass scale associated with the conformal symmetry breaking. Next, we consider GUT symmetry breaking SU (5 
Assuming λ 1 λ 2 a, b and due to the coupling −
, the GUT field σ reaches its local field dependent minimum that reads
where λ c = a + 7b/15 [83] . As we can see from eq. (3.7), the field σ continues to follow the behavior of the field φ. The tree level potential for (φ, σ) sector is given by 8) and the effective potential for the inflaton field φ due to the radiative corrections becomes [24] 
where A λ 2 2 /(16π 2 ), v φ is the VEV of the inflation, the counterterm has been fixed to δV =
, the normalization constant such that V eff (φ = v φ ) = 0 and the vacuum energy density such that V 0 ≡ V eff (φ = 0) = Av 4 φ /4. In CGUT we can generate the Planck mass dynamically by fixing
where M P = 2.43 × 10 18 GeV is the reduced Planck mass, and γ ≡ M P /M , which is smaller than unity by definition in our model. We notice that the inflaton effective potential (3.9) has the form of a CW potential (2.2). To summarize, using (3.7) and (3.8) in the original action (3.1), we obtain a quantum effective action for the inflaton field φ that reads Table 1 of [24] for different values of γ. We can notice that the potential shape reaches a Starobinsky Plateau in the limit when φ → √ 6M or ϕ √ 6M .
In order to clearly see the Starobinsky-like inflation in this theory, we perform the conformal transformation of the action (3.11) and canonically normalize the scalar field as
. Thus, we obtain a minimally coupled scalar field ϕ in the Einstein frame with the following potential 4
where the corresponding VEV of the canonically normalized field is ϕ = √ 6 arctan
.
We can now easily notice that for ϕ √ 6M P (i.e., φ → √ 6M ), the potential (3.12) reaches a plateau. During the inflationary regime, the shape of the potential is nearly same as the Starobinsky and Higgs inflation as shown in figure 1 .
The key inflationary predictions (n s , r) in this model were computed up to the leading order slow-roll approximation [24] and turn out to be as (1.1), namely they remain the same as those of Starobinsky inflation. However, there is a crucial difference since the inflaton reaches a non-zero VEV at the end of inflation, which can be seen in figure 1. We can fix the 4 Note that when we go to Einstein frame we must do rescaling of mass scales with the conformal factor as
. Since at the end of inflation 6M
2 P we can clearly see the VEV of the inflaton field remains the same in Jordan and Einstein frames.
coupling λ 2 , that enters the amplitude of the potential, by using the CMB constraint on the scalar power spectrum [5, 24] 
where the value of Hubble parameter during inflation can be read from figure 1 as
GeV. Numerical estimates of λ 2 using (3.13) for γ < 0.9 are found to be 5 [24] λ
We notice that the value of λ 2 is nearly the same for any VEV of the inflaton field as studied in [24] . One may easily understand from figure 1 that the shape of the potential during inflation remains nearly the same for any value of the inflaton VEV. This implies we can compute the inflaton mass at the end of inflation in term of γ as
From the last expression one may see that the mass of the inflaton increases for smaller values of γ. We avoid γ 1 in order not to have an inflaton mass too close to the Planck mass according to the point of view of an effective theory of inflation [85] . In this paper we take γ = 0.1 as the lowest value, for which we get M Φ 1.2 × 10 14 GeV.
Proton decay
As one can read off (3.7), the GUT field reaches a VEV through the inflaton field. Accordingly the GUT gauge bosons acquire a mass and they can mediate the proton decay 6 (they are often labelled with X and Y ). As a general feature of GUT models, the larger the gauge boson masses the longer the proton's life time. In this particular model, the VEV of the inflaton field φ, the X, Y masses, and consequently the proton life time, depend on one free parameter M that we trade for γ. The mass of the gauge bosons depends on the VEV of the GUT field as follows [83] 
where we take λ c g 2 . The proton life time in this model can be computed as 7 [24, 86] 
We read the average value of λ2 taking A ∼ 5 × 10 −12 from Table I of [24] since there is very mild dependence on γ. 6 Since we assume the couplings between Σ and H5 are negligible, the masses of the color-triplet Higgs is much smaller than the gauge bosons masses. Therefore, the proton decay mediated dominantly by X, Y gauge bosons. where m p is the proton mass and we used the estimate of λ 2 from (3.14). The current lower bound on proton life time is given by τ p,exp > 1.6 × 10 34 years [87, 88] and it allows for γ 0.97 as one may see in figure 2 . However, in order not to make the Planck scale completely approaching the conformal scale, we do not consider γ > 0.9. In the remaining of this work, we consider 0.1 ≤ γ ≤ 0.9 for which τ p /τ p,exp 1600 and τ p /τ p,exp 60 respectively.
In standard GUTs, Σ-H 5 interactions are needed in order to give the Higgs doublet a mass term to trigger the electroweak symmetry breaking. At the same time, the color-triplet Higgs scalars in H 5 also get a mass and, because they can mediate proton decay, this has to be large enough in order not to clash with the proton life-time [89] . This mass scale separation between the Higgs doublet and the color-triplet Higgs scalars, that sit in the same multiplet, gives rise to the well-known doublet-splitting problem in GUTs [90, 91] . Many possible solutions to address the issue have been conceived in the context of supersymmetric extensions of GUTs [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] . In our construction of CGUT in (3.1) and the corresponding potential (3.3), we assumed that the interaction between H 5 and Σ are negligible and does not play a role. This means there is no relevant contribution to the mass terms of the color-triplet Higgs and inflation [83] . We have provided the correct expression in (3.16) by carefully computing the dependence of X boson mass on the parameter γ. This alters the estimates of proton life time compared to [24] but the model still gives prediction much above the present lower bound as plotted in figure 2.
SM Higgs doublet form the VEV of the adjoint field Σ. Instead, the Higgs doublet mass scale will be generated through the scalar of the hidden sector (see the potential (4.1) and section 4.2). As far as inflation is concerned, all what we need is a coupling between Σ and the inflaton, which generates a CW potential for the inflaton. We leave the study of a more general potential with Σ-H 5 and φ-H 5 interactions, possible connections between CGUT and the doublet-triplet splitting problem, together with the generalization to a supersymmetric framework, for future research on the subject.
Finally, our present framework of inflation can be straightforwardly extended to SO(10) by promoting the fields (φ, χ) as singlets of SO(10) and conformally coupling them to the 45-plet adjoint field. The symmetry breaking patterns in this context are rich [56] , for example with the two-stage pattern SO (10) 
Y , there will be more observables associated with the intermediate group such as generation of primordial monopoles [102] .
Inflaton interactions with the dark sector
In this section we introduce the interactions between the inflaton and the dark sector in order to describe post-inflationary production of the bulk of the matter content in the universe. We consider the dark species to be both fermions and scalars. Since the non-vanishing VEV of the inflaton generates a mass term for each particle coupled to it, we avoid SM particles to have such an interaction. Indeed, we aim at keeping the SM particles mass generation as still driven by the Higgs mechanism, namely a potential of the form (2.1). However, since we start with a conformal theory, a mass scale for the Higgs boson has to be generated, together with a way to produce the SM degrees of freedom in the post-inflationary phase. To this end, we allow a portal coupling consistent with conformal symmetry between the dark scalar and the SM Higgs, so that the energy stored in the inflaton can partly leak into the SM model and produce the corresponding reheating. In so doing, we shall see that an intermediate energy scale between the inflaton mass and the electroweak scale is found. The dark scalar shall completely decay into Higgs bosons, whereas the rest of the inflaton energy is responsible for the dark matter relic density made of stable dark fermions.
The explicit form of the interactions are comprised in the the second term of the conformal potential (3.2) 8 , which reads
where ψ and S are the dark fermion and dark scalar fields (they are singlets under SU (5)), H is the SM Higgs boson doublet, λ HS is the Higgs portal coupling with S, λ H is the Higgs self interaction. 9 A Yukawa coupling of the formψBψ is allowed by the conformal symmetry, however we do not consider it here. We adopt this choice in order to keep a simple implementation and not to introduce an additional parameter in the model. Moreover, we choose not to introduce a conformal function of the form f (φ/χ) in the terms that comprise the SM field H, having in mind a closer connection between the inflaton and the dark sector. The conformal symmetry of the whole action (3.1) with the potential (4.1) can be preserved by implementing the following transformations on the matter fields
The functions f ψ , f S1 , f S2 are conformally invariant with respect to transformation of the fields φ, χ and we take them of a similar form as in eq. (3.5)
There is however an important difference given by the positive exponents α, β 1 and β 2 . Such a choice of the conformal couplings allows for very small couplings between the inflaton and the dark particles with respect to inflaton-GUT couplings during inflation. This is important in order to let the GUT fields to be the relevant source of the effective potential for the inflaton during the slow-roll dynamics. In other words, we require the first term V (φ, χ, Σ) in the tree level potential (3.2) to be dominant term during inflation. This can be achieved by imposing α, β 1 2 and β 2 2 in the (4.3). Indeed, as we learned in section 3, inflation happens when φ → √ 6M , which automatically implies the conformal couplings (4.3) to be suppressed during the period of inflation. As we shall see, having α, β 1 2 also give dark particle masses that are (much) smaller than the inflaton mass, see section 4.1, whereas β 2 2 ensures that the effective self-coupling of S scalars is always suppressed in comparison with the self coupling of Σ field (actually β 2 > 2 suffices already for values of γ < ∼ 0.8). In order to make the exponents α, β 1 , β 2 fully responsible for the strenght of the couplings and reduce the number of paramaters, we fix the couplings Y ψ , λ S1 and λ S2 in (4.1) to unity.
Dark particles messes and tree-level interactions
The functions f ψ , f S1 and f S2 in the potential (4.1) leads to a dynamical generation of the masses of the dark particles when the inflaton acquires its VEV, together with tree-level couplings that induce inflaton decays into dark fermion/scalar pairs. To the best of our knowledge, the conformal couplings (4.3) have not been exploited to provide the features of the dark particles.
In the following, we assume small perturbations around the infalton VEV, φ = v φ + δφ + · · · = v φ + Φ + · · · , where we define δφ ≡ Φ to be the dynamical inflaton field. With the aim of determning the dark particle masses and the tree-level interactions for the inflaton decays, we single out the constant and linear term in Φ from the conformal couplings in eq. (4.3)
for the fermion dark matter ψ. The same holds for the scalar particle couplings when substituting with the corresponding coefficients β 1 and β 2 , however we consider only the leading Φ-independent term for β 2 in the following. Next, we expand the inflaton field around v φ in the vertices involving the fermion and bosonic matter in (4.1), so that one finds the dark matter fermion and scalar mass to be
Let us remark that, at this first stage, we have a wrong sign for the dark scalar mass parameter. Indeed, we can single out the symmetric potential for dark scalar from (3.2) that reads 10
where µ 2 S ≡ v 2 φ γ 2β 1 > 0 and λ S ≡ γ 2β 2 and the potential for S shows up in the form of (2.1). Correspondingly, the potential is destabilised and the S field acquires a VEV, namely v 2 S = µ 2 S /λ S . and the physical mass of the dark scalar reads m S = √ 2µ S . For this implementation to work, we assume that the dark scalar does not get 1-loop CW quantum corrections due to its couplings coupling to inflaton field. Therefore, we consider the self-coupling of the dark scalar to be larger than its coupling to inflaton field, that can be easily satisfied for β 2 β 1 and γ < 1 (we anticipate that this condition holds when the observed Higgs boson mass is generated form the VEV of the dark scalar, see section 4.2). From eq. (4.5) and m S = √ 2µ S , we see that the inflaton generates bosonic states which are heavier than the fermionic ones, whenever the same exponent α = β 1 is inserted in the conformal couplings (4.3)
We show the dark fermion and boson masses in figure 3 in the parameter space (γ, α) and (γ, β 1 ), where the colored dashed and dotted lines provide correspond to benchmark mass values for the dark particles. Our aim is to consider the inflaton decays into particles of the hidden sector. To this end, we need to write the tree-level vertices for the processes Φ → ψψ and Φ → ss, where s stands for the dark scalar field after the symmetry breaking of the potential (4.6). From the potential (4.1) we obtain, by singling out the linear terms in Φ, the following interaction Lagrangian
where again we remind that the physical scalar is the one obtain after the symmetry breaking with S = (v S + s)/ √ 2 in unitary gauge. In order to make the notation simpler, we define the couplings
and we notice that we factor out the Planck mass from the scalar coupling to have a dimensionless quantity. In order for the inflaton to decay perturbatively into the dark sector, two conditions have to be met. First, the kinematic conditions M Φ > 2m ψ and M Φ > 2m S has to hold. 11 This imposes a condition on α and β 1 for different values of γ in the range 0.1 ≤ γ ≤ 0.9. Both in the right and left plot in figure 3 , we indicate the condition 2m S = M Φ 11 In our study we consider the coupling yS < 36π 2 M 2 Φ /M 2 P in which case the effects of parametric resonance are negligible [103, 104] . and 2m ψ = M Φ with a black solid line. The shaded region below the solid black line is then not relevant to our study. Let us stress that the kinematic condition for the inflaton decays to happen points to values of α and β 1 that automatically suppress the relevance of the inflaton-dark sector coupling during inflation as desired. The decay width of the inflation into fermion and boson pairs, Γ Φ→ψψ and Γ Φ→ss , read respectively
, (4.10)
where α S ≡ y 2 S /(4π) and α ψ ≡ y 2 ψ /(4π), and the couplings y ψ and y S have been given in eq. (4.9). The second condition for perturbative decay, α ψ , α S < 1 is well met in all the parameter space of the model and does not pose any constraint.
There is an additional important aspect that imposes a condition on the model parameters through the inflaton decay widths in (4.10) and (4.11). This is the constraint given by the BBN nucleosynthesis time scale. Indeed, any new heavy particle in the early universe has to decay before this epoch and ever since the standard thermal history is expected to hold. The decays of the inflaton into the hidden sector has to satisfy this condition as well because the SM plasma is in turn generated from the decays of S scalars though the portal coupling λ HS in this model. Therefore, we require τ Φ→ss , τ Φ→ψψ < 0.1 s, and accounting for the conversion 1 GeV= 1.52 × 10 24 s −1 we find Γ Φ→ψψ , Γ Φ→ss > 6.6 × 10 −24 GeV . (4.12)
In figure 3 , we show the BBN constraint with a blue solid line and corresponding blue shaded region, where the model provides inflaton decay widths not compatible with (4.12). In summary, the model remains viable in the not-shaded regions. The dashed lines corresponds to fixed mass hypotheses for the dark particles, and we provide them for orientation. As far as the dark fermion is concerned, the dashed lines stand for m ψ = 10 3 , 10 6 , 10 9 , 10 12 GeV, from top to bottom. Masses down to 1 GeV are viable for the dark fermions that correspond to the boundary given by the solid blue line from BBN. 12 The situation for the dark scalar is different due to the dependence of the decay width (4.11) and the mass m S on γ and β 1 .
In the right plot of figure 3 , the solid blue line corresponds to m S = 10 6 GeV making the allowed dark scalar masses much heavier than the fermion case. From top to bottom, the dotted lines correspond to m S = 10 8 , 10 10 , 10 12 GeV.
12 Such mass range for the stable dark fermions implies that the bound on N eff is not affected because these particle are heavy and cannot qualify as relativistic degrees of freedom at the BBN epoch.
Higgs mass and electroweak symmetry breaking from the dark sector
Starting with the scale invariant potential (3.2), the inflaton VEV is responsible for the generation of the dark scalar mass scale µ S , which in turn generates a Higgs mass scale µ H through the portal coupling λ HS . Since we assumed a negligible coupling between the adjoint field Σ and the fundamental H 5 in our CGUT framework, the generation of the Higgs mass term is entirely due to the dark scalar scalar. Our aim is to further constrain the model parameter space with the condition given by the observed Higgs mass m H = 125.18 ± 0.164 GeV [105] . Similarly to our assumption for the dark scalar in section 4.1, we assume the Higgs portal coupling to the S field to be much smaller than the self-coupling λ H so to protect the Higgs field to get substantial CW corrections. 13 As shown below, this assumption is going to be well satisfied since the portal coupling λ HS turn out to be very small. Starting from the potential (4.1) and after φ and S symmetry breaking, we can consider the s-independent terms and write the following Higgs potential in the form (2.1)
where in the second step we define µ 2 H ≡ λ HS v 2 S /2. This way a negative mass term appears in the Higgs potential and the Higgs boson undergoes the spontaneous breaking of the electroweak symmetry. The physical Higgs mass reads m H = √ 2µ H , and in terms of v S and v φ we obtain m
Finally, by using (3.10), we can write the Higgs mass in terms of the additonal model parameters γ, β 1 and β 2 m
With the expression (4.15) we can now explore the model parameter space compatible with the observed Higgs mass. The four parameters γ, β 1 , β 2 and λ HS are involved. In general the Higgs boson and the dark scalar shall mix. However, due to the quite large masses for the dark scalar m S > 10 6 GeV considered in this work (see discussion in section 4.1), we can assume a small mixing. This approximation allows us take the observed Higgs mass m H = 125.18 GeV as the mass eigenstate of the light scalar in the two-scalar mixing, and use eq. (4.15) as a constraint. We give some details on the scalar mixing in Appendix A. We orient ourselves by taking two benchmark values for the scalar mass m S = 10 7 GeV and m S = 10 9 GeV. As shown in the legend of figure 4 , we obtain pairs (γ, β 1 ) that comply with the given choice of the dark scalar mass. We saw already in figure 3 that, for a fixed γ, the larger β 1 the smaller m S . In figure 4 , the four dashed lines show the contours in the (λ HS , β 2 ) plane compatible with the Higgs mass for different values of γ. As expected, 13 At tree level and at the electroweak scale λ ≈ m because of the large separation of the dark scalar and Higgs masses, the portal coupling is very small. One may see that the allowed parameter space for λ HS shifts to smaller values when going from m S = 10 7 GeV to m S = 10 9 GeV (roughly four order of magnitudes). The result can be easily understood as follows. Larger values of the dark scalar mass correspond to smaller values of β 1 . Keeping β 2 fixed, the less effective suppression from γ 2β 1 −2β 2 −2 in (4.15) has to be compensated by smaller values of the portal couplings. The same reasoning can be used to understand the trend of each dashed curve in both plots in figure 4 . The largest possible value for λ HS is given in the limiting case m S = 10 6 GeV, that we recall is a boundary situation to comply with BBN, and we find it to be λ HS 10 −7 . Finally we give the expression for the decay width of the dark scalar into a Higgs boson pair. This is a key ingredient in the analysis that we carry out in the next section as regards the SM reheating. Indeed, the inflaton is not directly coupled to the SM sector in this model. The dark scalar plays the role of a mediator that transfers some of the energy stored in the inflaton at the end of inflation into SM degrees of freedom. After the symmetry breaking of the dark sector and the electroweak symmetry, a vertex that mediates the decay s → hh is induced and the expression for the width is first term in the decay width amounts to the direct decay of the dark scalar into Higgs pairs (in our model m S 2m H ). The latter term is triggered by the S-Higgs boson mixing and we take the off-shell Higgs boson width as in refs. [106, 107] . However, we checked that its contribution is negligible in all the parameter space of interest due to the small mixing angle, which reads in the limit λ HS λ H , λ B , as follows
The dots stand for corrections in m 2 H /m 2 S 1 and we used the relations between VEVs, masses and four-scalar couplings to get to the last expression.
An important comment is in order. We see that the conformal coupling between the inflaton and the dark scalar in (4.1), together with the constraint from the BBN time scale, allow for massive states m S > ∼ 10 6 . Let us assume that we remove the dark scalar and couple instead the Higgs boson directly to the inflaton field with a conformal coupling. Then, it seems not possible to generate a scalar with a mass of order 10 2 GeV (as the SM Higgs boson is) and be consistent with BBN at the same time. This is manly due to the large inflaton VEV that has to be compensated with very large exponents in the conformal couplings to generate small scalar masses. However, large exponents bring in turn to small tree-level couplings between the inflaton and the Higgs boson, and eventually induce a too small decay width not compatible with the BBN time scale.
Having delineated the main features and compelling parameter space for the model, we summarize in figure 5 the energy scales and symmetry breaking patterns discussed so far. We shall address the thermal history after CGUT inflation in the next section 5. 
Dark matter relic density and SM reheating
In this section we address the production of dark particles, both the fermion and scalar particles directly coupled to φ, and the SM degrees of freedom after inflation. The picture is the following. At the end of inflation, the universe has been given the initial kick for its expansion, however it is left empty and without any particle but φ. The energy stored in the inflaton field is then converted into other particles through its decays, and an equilibrium heat bath of SM particles is formed. This epoch is called reheating and the inflaton field decays into SM particles can happen either directly or via mediator fields [103, 104] . In order to avoid spoiling predictions of the standard BBN, the SM has to become the dominant energy density component before temperatures as low as 4 MeV [108] [109] [110] [111] .
In this work, we prevent a direct coupling between φ and SM particles. The inflaton only decays into the hidden sector and a population of dark fermions and scalars is induced. The fermions are inert and stable and make up for the present-day dark matter relic density Ω DM h 2 = 0.1200 ± 0.0012 [112] . However, we can still generate a SM thermal bath via the portal coupling λ HS between the dark scalar and the Higgs boson. The heavy dark scalars start to decay as soon as they are produced by the inflaton, and they work as a mediator for transferring energy from the inflaton to the SM. The Higgs boson is understood to generate the SM relativistic degrees of freedom, thefore we connect the SM temperature with the Higgs boson density as implemented for example in refs. [67, 113] .
Despite we shall solve a network of Boltzmann equations to track the evolution of the dark matter and the SM temperature in section 5.1, it is useful to give an estimation of the reheating temperature for the SM using the approximation of instantaneous reheating. In short, such a version of the reheating temperature can be obtained by assuming that all the available energy stored in the decaying particle is instantaneously converted into radiation. As the SM is generated through the decays of the dark scalars, the corresponding reheating temperature reads
where the relevant decay width is given in (4.16) and g eff amounts to the number of relativistic degrees of freedom at the reheating temperature. In figure 6 , we show the reheating temperature as provided by eq. (5.1) for the two benchmark values γ = 0.1 and γ = 0.9, respectively the red-dashed and dot-dashed orange lines. In the left plot, we see that there is a rather limited parameter space available to comply with T RH SM ≥ 4 MeV for γ = 0.1, whereas the situation sensibly improves for larger values of γ. Also, increasing from β 2 = 5 to β 2 = 8 makes the γ = 0.1 choice incompatible with a large enough reheating temperature. The trend can be understood again by looking at figure 4. There we see that, for a given m S , smaller values of γ are related to smaller portal couplings λ HS . Accordingly the decay width Γ S entering (5.1) is smaller and so is the corresponding reheating temperature.
In this work we assume that the dark particles do not form a thermal bath in the hidden sector. The temperature of such sector system would be measured by the radiation energy density of the dark sector. To this end, one needs thermalized relativistic degrees of freedom. However, the dark fermions are an inert component and do not interact with anything else after they are produced from the inflaton decays. Only dark scalars could be candidates for a thermal bath in the hidden sector. We checked the would-be instantaneous reheating temperature as estimated from (5.1) with Γ Φ→ss instead of Γ S , is order of magnitudes smaller than m S in the whole parameter space of interest. Hence, the dark scalar cannot qualify as thermalized relativistic degrees of freedom and we do not follow the temperature evolution in the hidden sector. 14 Also, we are interested in keeping β 2 large enough to suppress the self-coupling of S during inflation, and this helps in suppressing the processes that would induce a thermalization in the dark scalar sector. A complementary framework where dark scalars form a thermal bath in the hidden sector with its own tempreature is described for example in ref. [67] .
14 The reheating temperature is not the largest temperature obtained during the inflaton decay [114, 115] .
The maximum temperature peaks at very early stages and then quickly decreases. There could be a limited time range in the very early stages of φ decays where the dark scalars could behave as a thermalized plasma of relativistic particles in our model.
Boltzmann equations
In this section we solve a network of Boltzmann equations to track the abundance of the inflaton, dark fermions and dark scalars and the SM. Our main scope is to provide benchmark values in the model parameter space that reproduce both the observed relic density Ω DM h 2 = 0.1200 ± 0.0012 [112] and T RH SM ≥ 4 MeV. The dark matter fermions are stable and are responsible for the present-day relic density in this model. They are produced non-thermally from the inflaton decays and are inert ever since. The dark scalars are produced also nonthermally from the inflaton decays. However, they in turn decay into SM higgs bosons that we take as source of the SM component radiation (see ref. [67] for a similar implementation for the generation of the SM plasma).
In the remaining of the paper, we shall not refer to an instantaneous reheating temperature as given (5.1), rather we obtain the temperature evolution from the Boltzmann equations together with the extraction of the relic abundance of the dark fermions ψ. Indeed, as discussed and shown in refs. [114] [115] [116] , the reheating temperature T RH SM can be properly defined when the radiation component finally scales as T SM ∝ a −1 , where a is the scale factor, whereas the temperature exhibits different power laws in earlier stages. The Boltzmann equations for the various components read [114, 115] 
3)
where ρ Φ = M Φ n Φ is the inflaton energy density, n ψ and n S are the dark fermion and dark scalar number density, E S is the energy of the dark scalar (cfr. eq. (5.7)) and ρ SM is the energy density of the SM radiation component. Γ Φ is the total decay width of the inflation, namely the sum of eqs. (4.10) and (4.11), that we expressed in terms of the corresponding branching ratio in eqs. (5.3) and (5.4). The left-hand side of eq. (5.5) is obtained imposing the equation of state for the pressure and energy density of radiation p SM = ρ SM /3. As in the usual Boltzmann approach, the terms on the right-hand side of each equation describe gain and loss terms for the given species due to the corresponding processes. 15 We assume that the dark scalars do not equilibrate with the SM plasma, which is a rather good approximation due to the very small portal couplings that get realized in our framework. The four components enter the Hubble rate as follows
15 We checked that the 2 → 2 process bb → hh is negligible with respect to b → hh in the model parameter space.
where we write the energy stored in the dark particles as ρ ψ = E ψ n Ψ and ρ B = E B n B [116] . The expression of the energy can be taken to be [117, 118] 
that holds for m ψ , m S M Φ and t d is the time when the inflaton decays, that we take to be the initial time when integrating the Boltzmann equations. 16 In order to solve the Boltzmann equations (5.2)-(5.5), it is convenient to switch to another set of variables [114] 8) where one adopts the scale factor a for the independent variable rather than the time. We define A = aM Φ , or equivalently A = a/a I with a I = 1/M Φ . Then, the Boltzmann equations (5.2)-(5.5) become
We solve them with the initial conditions S(A I ) = Ψ(A I ) = R(A I ) = 0, whereas the initial energy is entirely stored in the inflaton Φ(A I ) = ρ Φ,I /M 4 Φ . As for the initial density of the inflaton, we use the estimation ρ Φ,I ≈ M 2 Φ M 2 P that applies in the case of chaotic inflation. The results of the rate equations are collected in figures 7 and 8 for two different choice of the model parameters β 1 and α that comply with the observed dark matter relic density, whereas γ = 0.8 is kept in both cases and it corresponds to M Φ 8.9 × 10 12 GeV. In figure 7 , the mass of the dark scalar is m S = 10 9 GeV, whereas the mass of the dark matter fermion is m ψ = 3.9 × 10 3 GeV. One may see that for a long time the inflaton density stays nearly constant (red-dotted line) and slowly populates the hidden sector with dark GeV and m Ψ = 3.9 × 10 3 GeV.
fermions and scalars (dark fermion and scalar particles in solid-purple and dashed-orange lines respectively). In the mean time, the dark scalar decays in turn trigger the formation of the SM component, solid-blue line, which is smaller than dark particles population for early times. The bulk of the inflaton decays happens for A = 10 17 for this choice of the parameters, and one sees that the dark fermions and scalars freeze-in. Their later behaviour is different though. On the one hand, the dark fermion density stays constant ever since. On the other hand, the dark scalar exhibits a nearly constant density for a while, up until their population is very effectively depleted and no further decays can occur (this corresponds to the time when Γ S < ∼ H). As a result, also the SM radiation density freezes to a constant value. In the right panel of figure 7 , we normalize the densities as follows: Φ/Φ I , the S scalar and ψ fermion densities are divided by the value of the dark scalar density at the onset of the freeze-in regime; finally the radiation is normalized by its constant value after S decays no longer occur. For this choice of the parameters, the branching ratio of the process Φ → ψψ is B ψ ≡ Γ Φ→ψψ /(Γ Φ→ψψ + Γ Φ→ss ) 1.2 × 10 −3 .
The relic density is fixed in terms of the relative density with the radiation component [114] where T RH is the reheating temperature, T 0 = 2.37×10 −13 GeV is the temperature today, and Ω SM h 2 = 2.47×10 −5 [112] is the present radiation energy density. This relation holds because the dark fermions freezes-in before the radiation density sets to a constant (see solid purple and blue lines in figure 7 and 8 ). Using the definitions (5.8) and in terms of the quantities extracted from the numerical solution of the Boltzamnn equations, we obtain (5.9)-(5.12)
The solutions of the Boltzmann equations for a second choice of the parameters is shown in figure 8 . The masses of the dark particles are m S = 10 8 GeV and m Ψ = 59.7 GeV that are compatible with the observed relic density. A smaller dark scalar mass has a relevant impact on the form of the solutions, as one may see by comparing the orange and blue lines in figure 7 and in figure 8 . The main difference is that the dark scalar display a constant density for a much smaller time and promptly decay as soon as they reach their maximum abundance. This is due to a larger decay width (4.16) that follows from a smaller m S in the denominator and a larger portal coupling. Indeed, for a fixed value of γ, λ HS increases as as the dark scalar mass decrease (see figure 4) . The branching ratio is B Ψ 4.2 × 10 −3 in this case.
A comment is in order for the non-thermally produced dark fermions. In our model, these particles make up for the present-day dark matter relic density. Therefore, they need to be non-relativistic (cold or warm) at the time of matter-radiation equality to allow structures formation. We use the comoving free-streaming length λ fs in order to assess the coldness of a non-thermal dark matter as explained in refs. [117, 118] . From Lyman-α constraints, the comving free streaming is bounded to be λ fs < ∼ 1 Mpc. Since the dark fermions are produced in pairs from the inflaton decays, they can have large velocities. So one has to ensure that the dark fermions three-momenta are sufficiently red-shifted from the time scale of the inflaton decays to the matter-radiation equality. We find that the dark fermion belongs to the cold and warm categories as defined in ref. [118] for the model parameters considered in figure 7 and figure 8 respectively.
Finally we discuss the temperature of the SM sector and the corresponding reheating. In figure 9 , the SM temperature is displayed for the two benchmark scenarios that also comply with a reheating temperature larger than 4 MeV. The temperature evolution can be obtained from the radiation density R as follows 15) where R is the solution from the rate equations. The plots show the evolution of the temperature along the different stages. First, as originally outlined in refs. [114, 115] , the reheating temperature is not the maximum temperature the thermal bath can reach. The very early rise up for the SM model temperature peaks roughly at 20 GeV (100 GeV) in the first (second) benchmark scenario, which is way larger than the reheating temperature at the onset of T SM ∝ a −1 scaling, that we find to be T
RH SM
19 MeV (T
182 MeV). We extract the reheating temperature numerically and similarly to what it is done in ref. [114] [115] [116] . Basically, we match the T SM ∝ a −3/8 behaviour obtained in the phase when the dark scalar acts as a large source of entropy to the T SM ∝ a −1 scaling in the subsequent radiation dominated regime, as clearly visible in the left plot in figure 9 . For the second choice of the parameters, the regime T SM ∝ a −3/8 is actually absent, and the radiation stage kicks in very sharply after the dark scalars reach their maximum density and they promptly decay into SM degrees of freedom. The second bumpy rise, that appears in both the cases, is due to the stage when the dark scalar decays are very effective and the abundance of dark scalars is entirely depleted, namely when Γ S H.
The numerical results can be contrasted with the instantaneous reheating temperature (5.1) for the two benchmark scenarios, that read T
RH,i SM
23 MeV and 373 MeV respectively. Alternatively, one can obtain another estimate for the SM reheating temperature as outlined in ref. [67] , where the corresponding expression differs from that in (5.1) by a factor 2 5/4 . In this latter case, one finds 10 MeV and 156 MeV.
Conclusions and discussion
In this paper we studied the post-inflationary dynamics of a CGUT model as given in (3.1). With respect to the original formulation, we include additional degrees of freedom that account for a hidden sector and the SM sector by respecting conformal invariance, see eq. (4.1). Dark fermions and dark scalars of the hidden sector are directly coupled to the inflaton, whereas the SM Higgs boson acts as a portal between the visible and the dark sector through a coupling shared with the dark scalars.
As typical of conformal theories, no mass scale appears in the fundamental action (or Lagrangian). A non-vanishing VEV for the inflaton field is generated through radiative corrections induced by the GUT fields after the conformal and GUT symmetries are broken. The Planck mass is dynamically generated when the inflaton reaches its VEV. The same inflaton VEV is responsible for the masses of the dark particles. Moreover, the strength of the interactions between the inflaton and the dark particles is dictated by the form of the conformal couplings (4.3). To the best of our knowledge, this framework has not been implemented before within models that involve both conformal and GUT symmetry.
A first orientation for the relevant parameter space of the model is given by the proton life time. In CGUT inflation, the proton life time can be extended beyond the observed limit τ p,exp > 10 34 yrs. This is a compelling guidance through the model parameter space and we restrict our analysis to the range where the model predicts τ p > ∼ 60τ p,exp , where τ p,exp is the observed experimental bound (see figure 2 ).
In our model, the electroweak symmetry breaking can be traced back to the inflaton VEV. Indeed, even though there is no direct coupling between φ and H in the potential (4.3), the dark scalar acts as a mass-scale generator from the inflaton to the SM domain. First, the VEV of the inflaton induces a mass term µ S for the dark scalar, which triggers a spontaneous breaking of the dark scalar symmetric potential. As a result, a Higgs mass term µ H is in turn induced, and the Higgs potential acquires its standard form (2.1). Of course, in order to reproduce the observed Higgs mass, the model parameter has to be constrained accordingly. The main outcome is that very small portal couplings are consistent with the Higgs boson mass (cfr. eq. (4.15) and figure 4). In our construction, conformal symmetry breaking is at the origin for generating the relevant scales from inflation down to the electroweak scale.
In section 5, we studied the evolution of the inflaton field, the dark particles and the SM radiation that are respectively originated directly and indirectly from the inflaton decays. The dark fermions are inert stable particles, they account for the present day relic density and they are produced non-thermally by the inflaton decays. The dark scalars, also produced non-thermally from the inflaton, are unstable and decay in turn into SM Higgs bosons. This way, the energy stored in the inflaton field can also leak to the SM, even though there is no direct interactions among the inflaton and the SM. The model at hand can accommodate the observed relic density and a reheating temperature compatible with the BBN requirements. In solving the Boltzmann equation, we track the SM temperature along with the whole postinflationary dynamics. We extract the reheating temperature numerically and, for the two benchmarks choices considered in this work, we are able to reproduce the observed relic density of dark matter and a reheating temperature T RH SM > ∼ 4 MeV. We focused on γ = 0.8 (M Φ 8.9 × 10 12 GeV) that provides a broad window to allow for sufficiently high reheating temperatures. A more detailed study of the whole parameter space is beyond the scope of the present paper.
It is not obvious to realize both the observed relic density and a reheating temperature larger than 4 MeV in our framework. From the analysis given in section 5, we see that larger reheating temperatures (smaller dark scalar masses) push the dark fermion mass to very small values. Given the lower bound on the dark fermions mass m ψ > 1 GeV as obtained from the inflaton decay (see figure 3 and section 4.1), a viable dark matter candidate cannot be provided for too high reheating temperatures. On the other hand, increasing the dark scalar masses implies having a less efficient energy transfer to the SM sector (because Γ hB becomes smaller), that result in too low reheating temperatures.
As far as the model is implemented given in this work, the dark particles are rather hard to be searched for at experimental facilities. The dark scalars are heavier than 10 3 TeV and couple feebly with the SM Higgs boson λ HS < ∼ 10 −7 . The dark fermions do not interact with any other field but the inflaton. Therefore, direct, indirect and collider searches cannot be applied for our dark matter candidate. It is possible to consider couplings between the dark fermion and the SM Higgs boson whenever we allow for a termsψψS that respect the conformal invariance of the potential. For small dark matter masses, this might open up a production through hh →ψψ as well from particles of the thermal bath [114] [115] [116] , that can also allow viable channels for detection strategies of the dark matter candidate. We leave the inclusion and assessment of detectable dark matter signatures, together with gravitational waves production from the breaking of conformal, GUT and dark sector symmetries for future research on the subject. and accordingly the mixing angle becomes (neglecting higher order in the portal coupling) .10) 
